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Available online 9 August 2013Abstract Introduction Thyroid hormones play important roles in the development of neural cells in the central nervous
system. Even minor changes to normal thyroid hormone levels affect dendritic and axonal outgrowth, sprouting and myelination
andmight even lead to irreversible damages such as cretinism. Despite our knowledge of the influence on themammalian CNS, the
role of thyroid hormones in the development of the enteric nervous system (ENS) still needs to be elucidated.
In this study we have analyzed for the first time the influence of 3,5,3′-triiodothyronine (T3) on ENS progenitor cells using cell
biological assays and a microarray technique.
Results In our in vitro model, T3 inhibited cell proliferation and stimulated neurite outgrowth of differentiating ENS
progenitor cells. Microarray analysis revealed a group of 338 genes that were regulated by T3 in differentiating enterospheres.
67 of these genes are involved in function and development of the nervous system. 14 of them belong to genes that are involved
in axonal guidance or neurite outgrowth. Interestingly, T3 regulated the expression of netrin G1 and endothelin 3, two
guidance molecules that are involved in human enteric dysganglionoses.
Conclusion The results of our study give first insights how T3 may affect the enteric nervous system. T3 is involved in
proliferation and differentiation processes in enterospheres. Microarray analysis revealed several interesting gene candidates
that might be involved in the observed effects on enterosphere differentiation. Future studies need to be conducted to better
understand the gene to gene interactions.
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1192 R. Mohr et al.Introduction expanded in cell culture and are able to differentiate intoThyroid hormones have, beside their wide-spread influences
on cell metabolism, profound effects on growth and embry-
onic and postnatal developments. Hypothyroidism before
birth or in early childhood induces neurological defects like
mental retardation, cerebral spastic diplegia and deaf–
mutism (Williams, 2008; Porterfield and Hendrich, 1993).
Abnormal hormone levels influence migration, proliferation
and differentiation of various neural cell types especially in
the central nervous system (Nunez et al., 2008; Horn and
Heuer, 2010; Lemkine et al., 2005; Konig and Moura, 2002).
The various observed effects depend on cell type, localiza-
tion, cell function, and hormone level (Chen et al., 2011;
Puzianowska-Kuznicka et al., 2006).
Most of the effects of thyroid hormones are mediated
through thyroid hormone receptors (TR) that act as ligand
dependent transcription factors. TRs are products of two
genes, THRA and THRB. Four different splice variants of these
genes, termed Trα1, Trα2, Trβ1, and Trβ2 have been de-
scribed of which only three, Trα1, Trβ1, and Trβ2 are able to
bind thyroid hormones (Yen, 2001). TRs are present in nearly
every mammalian tissue but show remarkable differences
in their expression levels. Trα and Trβ1 receptors appear
in nearly every part of the body and represent the main
receptors in neural tissues, whereas Trβ2 is located mainly in
the pituitary gland (Hodin et al., 1989; Bradley et al., 1992).
Although thyroid hormone receptors are well studied,
many of their target genes are still unknown. Apart from the
transcriptional regulation mediated by the thyroid hormone
receptors, non-TR-mediated effects have been described
(Leonard, 2008; Davis and Davis, 1996).
Even though today's knowledge suggests an important
influence of thyroid hormones on the development of nearly
all neural structures in mammals, their role in the develop-
ment of the enteric nervous system (ENS) has not been
elucidated yet.
The ENS is a complex autonomous neural network that is
mostly divided into two plexus: The myenteric plexus is
located between the circular and longitudinal muscle layers
forming the tunica muscularis, and the submucosal plexus is
located in the tela submucosa of the intestinal wall (Gershon,
1981; Schemann and Neunlist, 2004). Both neural structures
coordinate bowel motility, blood flow and secretion of the gut
and are also involved in immune defense reactions (Gershon,
1999; Benarroch, 2007). The ENS derives from neural crest
cells that migrate from the early developing neural tube into
and along the gut. These cells differentiate into a vast number
of neural cell types and form a complex neural network (Burns
and Thapar, 2006; Gershon et al., 1993; Anderson et al., 2006;
Burns, 2005). Perturbation of migration, proliferation or dif-
ferentiation of enteric neural crest cells leads to congenital
defects of the ENS like the Hirschsprung disease (HSCR) that
occurs in about 1 of 5000 human newborns. HSCR is charac-
terized by a complete lack of neurons from variable lengths of
the colon and is associated with life-threatening dysregula-
tion of propulsive bowel motility (Amiel et al., 2008). An
appropriate therapy for enteric disorders might include ENS
neural stem and progenitor cells (Heanue and Pachnis, 2007).
These cells have already been isolated from fetal, postnatal
and adult murine and from fetal and early postnatal human
gut (Metzger et al., 2009; Bondurand et al., 2003). They can bevarious cells like neuronal and glial cell types. Thus, they are
an ideal cell pool for studies comprising mechanisms and fac-
tors that are involved in the development and cell biological
function of the ENS.
Since we know that 3,5,3′-triiodothyronine (T3) is very
important for the development and maintenance of the CNS
and a similar role can be expected in the gut nervous sys-
tem it is of great interest to analyze its effect on the ENS.
In the present study we investigated the influence of T3 on
cultured ENS progenitor cells from murine neonatal gut
working with BrdU incorporation and neurite outgrowth
assays. High throughput analysis using microarray was used
to investigate the T3 dependent regulation on mRNA gene
expression levels.Methods
Cell culturing
Animals were handled in accordance to the institutional
guidelines of the University of Tuebingen, which conform to
international guidelines. For enterosphere preparation neo-
natal C57BL/6 mice without regard to sex were decapitated
and the whole gut was removed. Adherent mesenteria were
dissected and the longitudinal and circular muscle layers
containing myenteric plexus were stripped as a whole from
the small intestine. After chopping, tissue was incubated in
collagenase type XI (750 U/ml; Sigma-Aldrich, Taufkirchen,
Germany) and dispase II (250 μg/ml; Roche Diagnostics,
Mannheim, Germany) dissolved in Hanks' balanced salt
solution with Ca2+/Mg2+ (HBSS; PAA, Pasching, Austria) for
30 min at 37 °C. Tissue was carefully triturated every 10 min
with a fire polished blue pipette tip. Prior to the first
trituration step, cell suspension was treated with 0.05%
DNAse I (Sigma-Aldrich). After tissue dissociation, 10% fetal
calf serum (FCS; PAA) was added and undigested larger tissue
pieces were removed with a 40 μm cell strainer (BD
Biosciences, Franklin Lakes, NJ, USA). To remove any resid-
ual enzymes, two washing steps in HBSS were performed
at 200 g. The pellet was resuspended in proliferation cul-
ture medium (Dulbecco's modified Eagle's mediumwith Ham's
F12 medium (DMEM/F12; 1:1; PAA) containing N2 supple-
ment (1:100; Invitrogen, Darmstadt, Germany), penicillin
(100 U/ml; PAA), streptomycin (100 μg/ml; PAA), L-gluta-
mine (2 mM; PAA), epidermal growth factor (EGF; 20 ng/ml;
Sigma-Aldrich) and fibroblast growth factor (FGF; 20 ng/ml;
Sigma-Aldrich)). Cells were seeded into 6-well plates (BD
Biosciences) in a concentration of 2.5×104 cells/cm2 and the
medium was supplemented with B27 (1:50; Invitrogen) once
before seeding. EGF and FGF were added daily and culture
medium was exchanged every 3 days. Cells were cultivated
under these proliferation conditions for up to 2 weeks.
To induce cell differentiation, growth factors were re-
moved by washing enterospheres in DMEM/F12. Then, cells
were transferred into differentiation medium consisting of
DMEM/F12 containing N2 supplement (1:100), penicillin
(100 U/ml), streptomycin (100 μg/ml), L-glutamine (2 mM),
and ascorbic acid-2-phosphate (200 μmol/ml; Sigma-Aldrich).
For differentiation under adherent culture conditions FCS (2%)
was added and cells were seeded on culture plates coatedwith
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Sigma-Aldrich) and poly-L-ornithine (0.01%; Sigma-Aldrich).
All cultivation steps were conducted in a humidified incubator
at 37 °C and 5% CO2.
Immunohistochemistry
Immunohistochemical staining was performed in cell culture
and on paraffin sections (5 μm) of embedded enterospheres.
Adherent cells were fixed in 4% PFA for 20 min at room
temperature and then rinsed three times in Tris buffer.
Paraffin sections were first deparaffinized, then rehydrated
and washed 3 times in Tris buffer. For BrdU staining, cells
were either pretreated with citrate buffer and stained with
mouse BrdU antibody (BrdU quantification) (Fig. 4) or pre-
treated with HCl method and stained with rat BrdU antibody
(Shimada et al., 2008) (Fig. 2).
Suppression of non-specific binding of antibodies was
obtained with blocking solution (Tris buffer containing 0.1%
bovine serum albumin (Tris–BSA; Roth), 10% goat serum
(Biochrom, Berlin, Germany) and 0.3% Triton® X-100 (Roth))
for 30 min at 23 °C. Samples were then incubated with
primary antibody diluted in Tris–BSA containing 0.1% Triton®
X-100 4 °C over night.
Residual primary antibody solution was removed by 3
washes in Tris buffer.
The following primary antibodies were used for immuno-
histochemistry: rabbit anti-GFAP (1:400; Dako), mouse anti-
β-Tubulin III (TUJ1) (1:500; Covance, Princeton, NJ, USA),
rabbit anti-β-Tubulin III (TUJ1) (1:10000; Covance), mouse
anti-HuC/D (1:20; Invitrogen), rabbit anti-p75 (1:500;
Abcam, Cambridge, UK), mouse anti-BrdU (1:100; Dako,
Hamburg, Germany), and rat anti-BrdU (1:50; AbD Serotec,
Duesseldorf, Germany).
Primary antibodies were detected with fluorescent sec-
ondary antibodies goat anti-mouse IgG Cy3 (1:400; Jackson
ImmunoResearch, Newmarket, UK), goat anti-rabbit Alexa 488
(1:400; Jackson ImmunoResearch), and goat anti-rat Alexa 488
(1:400; Invitrogen) diluted in Tris–BSA with 0.1% Triton®
X-100 and 3% goat serum for 30 min at 23 °C. Nuclei were
stained with DAPI.
Fluorescencewas visualized by a Zeiss Axiovert fluorescence
microscope (Zeiss, Jena, Germany). Imageswere assessed using
Zeiss Axiovision software.
Quantification of BrdU labeled cells
in enterospheres
Enterospheres were expanded in proliferation medium on
uncoated 6-well plates for 7 days before theywere treated for
2 days with 100 nM 3,5,3′-triiodothyronine (Sigma-Aldrich).
Then, enterospheres were incubated with 5-Bromo-2′-
deoxyuridine (10 mM; Roche) for 1 h, before they were
moved to 1.5 ml tubes and fixed in 4% phosphate buffered
p-formaldehyde (PFA; Sigma-Aldrich) for 20 min. After 3
washes in Tris buffer (25 mmol/l Tris–HCl (Roth), pH 7.5),
the residual supernatant was removed and the tubes were
filled with 500 μl 2% agar (w/v; Roth) in Tris buffer. During
solidification of the agar, enterospheres were accumulated
at the cup bottom when centrifuged at 6000 g for 10 s. Agar
cones were withdrawn from the tubes and embedded inparaffin. In intervals of 200 μm, 5 μm sections were cut
off from the paraffin block on a microtome. After
deparaffinization, microscope slides were boiled for 5 min in
amicrowave oven in 20 mM citrate buffer and stained for BrdU
with a mouse anti-Brdu antibody. Three independent exper-
iments with cell cultures prepared from six pups from
different litters were conducted. Earlier experiments showed
that proliferation behavior of enterospheres depends on their
size. Therefore, the cross-sectional area of enterosphere
slices that we used for analysis was standardized to a value
between 2000 μm2 and 8000 μm2.
Neural outgrowth assay
Enterospheres were cultured for 7 days in proliferation cul-
ture medium, then transferred into differentiation medium
and plated on 4-well plates (Nunc, Langenselbold, Germany)
coated with laminin, fibronectin and poly-L-ornithine. After
1 day of incubation at 37 °C and 5% CO2, T3 was added at
concentrations of 50 nM or 100 nM for further 7 days. Every
second day, differentiation medium and T3 were changed. In
previous in vitro experiments this time period was proved to
be appropriate to measure effects on elongation of cellular
extensions. After 7 days of T3 treatment, the supernatant
was removed and cells were fixed with 4% PFA. Differenti-
ated cells were stained with mouse anti-β-Tubulin III (TUJ1)
and anti-mouse-Cy3-antibody. Nuclei were visualized with
DAPI. The length of the longest extensions and the number of
primary extensions emerging from the soma of TUJ1-positive
cells that had no contact to other TUJ1-positive cells was
measured with Axiovision Software. Three independent
experiments with cell cultures prepared from six pups from
different mother animals were conducted.
RNA isolation and RT-PCR
Total RNA was isolated using the RNeasy Mini Kit (Qiagen,
Hilden, Germany) according to the Mini Kit instructions.
Possible contaminating genomic DNA was removed by
treatment with DNAse I (Invitrogen). RNA was extracted
from enterospheres after 7 days of proliferation and from
myenteric plexus of 3 weeks old mice. Reverse transcriptase
PCR (RT-PCR) reaction containing oligo-d(dT)23 anchored
mRNA primers (Sigma-Aldrich), Superscript II Reverse Tran-
scriptase enzyme (Invitrogen) and RNAse Out (Invitrogen) was
performed according to supplier's protocol.
To amplify the thyroid hormone receptors and the house-
keeping gene GapDH, following primer pairs (Sigma-Aldrich)
were used:
Trα (488 bp):
5′-ATGCCGGACGGAGACAAGGTAGAC-3′ and
5′-TTGGGCCAGAAGTGCGGAATGTT-3′;
Trβ (371 bp Mascanfroni et al., 2008):
5′-CAGTGCCAGGAATGTCGCTTTAAG-3′ and
5′-ACTCTGGTAATTGCTGGTGTGATGAT-3′;
GapDH (452 bp):
5′-ACCACAGTCCATGCCATCAC-3′ and
5′-TCCACCACCCTGTTGCTGTA-3′.
Primers for Trα were designed using Oligo Explorer (Gene
Link, Hawthorne, NY, USA). PCR conditions: 1 primary cycle at
1194 R. Mohr et al.94 °C for 5 min followed by 40 cycles denaturation at 94 °C
(30 s), annealing at TA (40 s) and elongation at 72 °C (40 s),
followed by a prolonged elongation step for 10 min at 72 °C.
The specific annealing temperatures for the primers (TA)
were: TA(Trα) = 62 °C, TA(Trβ) = 56 °C, TA(GapDH) = 56 °C.
Amplified PCR products were analyzed by electrophoresis on a
1% agarose gel (Roth, Karlsruhe, Germany) in 1× TBE buffer
(Tris base, boric acid, EDTA) at 100 V. The products were
visualized with ethidium bromide (2 μg/ml) on U.V. light.
qRT-PCR
Extraction of total RNA was performed using the RNeasy Micro
Kit (Qiagen) according to the manufacturer's instructions for
animal cells. QIAshredder mini-spin columns (Qiagen) were
used for homogenization. RNA quality was observed with an
Agilent 2100 Bioanalyzer (Agilent Technologies, Boeblingen,
Germany). 200 ng of RNA were applied to cDNA synthesis using
the QuantiTect Reverse Transcription Kit (Qiagen).
qRT-PCR was performed with the LightCycler480 System
(Roche, Mannheim, Germany) using the QuantiTect SYBR
Green PCR Kit (Qiagen) according to the manufacturer's
instructions. 2 μl of a 1:20 cDNA dilution from each sample
was amplified in a 10-μl reaction mixture containing 2 pmol
of each primer. The PCR conditions were 95 °C for 15 min
followed by 50 cycles of 94 °C for 15 s, 55 °C for 30 s, 72 °C
for 30 s. The acquisition was performed after the 72 °C step
of each cycle. Melting curves were generated at the end of
the run. Standard curves for each amplified transcript were
generated to obtain the PCR efficiency. CP-values were
determined by the LightCycler Software 480 (Roche). Expres-
sion levels of each sample were detected in triplicate reac-
tions. Actin, beta (ActB), pyruvate dehydrogenase β-subunit
(Pdh) and succinate dehydrogenase subunit A (Sdha) were
used as reference genes. Data analysis was performed using
the qbasePLUS software Version: 2.4 (Biogazelle). For qRT-
PCR the following primers were used:
ActB: 5′-CCACACCCGCCACCAGTTCG-3′ and 5′-TACAGCCC
GGGGAGCATCGT-3′;
Edn3: 5′-AAAGCTCCCAGCCTTCTCC-3′ and 5′-CAGTCTCCC
GCATCTCTTCT-3′;
Ntng1: 5′-ACCACAGTCCATGCCATCAC-3′ and 5′-GGGGATG
GGGAGGTATGAG-3′;
Pdh: 5′-GTAGAGGACACGGGCAAGAT-3′ and 5′-TGAAAAC
GCCTCTTCAGCA-3′;
Prph: 5′-ATCTCAGTGCCGGTTCATTC-3′ and 5′-TCCAGGTC
ACTGTGCTGTTC-3′;
Sdha: 5′-GCAGCACAGGGAGGTATCA-3′ and 5′-CTCAACCAC
AGAGGCAGGA-3′;
Syt12: 5′-GATGGGAGGAAAATGAGCAA-3′ and 5′-CCCTGGC
CCAATGATGAC-3′.
Affymetrix microarray analysis
In these experiments, free-floating enterospheres had mul-
tiple passages in order to diminish the fraction of adhesive
fibroblasts and smooth muscle cells. To receive differentiated
ENS cells, dissociated T. muscularis cells of neonatal gut
containing ENS progenitor cells were distributed in a concen-
tration of 2.5×104 cells/cm2 in proliferation medium andincubated for 4 days. Then, free-floating enterospheres
were picked and transferred to Petri dishes (Ø 60 mm; Greiner
Bio One, Frickenhausen, Germany) in 5 ml fresh proliferation
medium. 5 days of incubation later, single free-floating
enterospheres (about 50 enterospheres/dish) were picked
again, washed 3 times in Tris buffer and transferred into
new Petri dishes containing differentiation medium without
FCS. Enterospheres were differentiated for 2 days, whereby
100 nM T3 was added at the second day.
After 24 h of T3 incubation, total RNA of enterospheres
was extracted using the RNeasy Micro Kit (Qiagen). Three
independent experiments with cell cultures prepared from 2
pups from the same litter were performed.
RNA quality was evaluated on Agilent 2100 Bioanalyzer
with RNA integrity numbers (RIN) ranging from 8 to 10 while
all RIN numbers higher than 8 are considered optimal for
downstream application (Fleige and Pfaffl, 2006).
Double-stranded cDNA was synthesized from 100 ng of
total RNA and subsequently linearly amplified and biotinylated
using the GeneChip® WT cDNA Synthesis and Amplifica-
tion Kit (Affymetrix, Santa Clara, CA, USA) according to the
manufacturer's instructions. 15 μg of labeled and fragmented
cDNA was hybridized to GeneChip® Mouse Gene 1.0 ST arrays
(Affymetrix). After hybridization, the arrays were washed
and stained in a Fluidics Station 450 (Affymetrix) with the
recommended washing procedure. Biotinylated cDNA bound
to target molecules was detected with streptavidin-coupled
phycoerythrin, biotinylated anti-streptavidin IgG antibodies
and again streptavidin-coupled phycoerythrin according to the
protocol. Arrays were scanned using the GCS3000 GeneChip
scanner (Affymetrix) and AGCC 3.0 software. Scanned images
were subjected to visual inspection to check for hybridization
artifacts and proper grid alignment and analyzed with
Expression Console 1.0 (Affymetrix) to generate report files
for quality control. Normalization of raw data was performed
by the Partek Software 6.6, applying an RMA (Robust Multichip
Average) algorithm.
Statistical analysis
Neural outgrowth assay, BrdU incorporation assay and the
Affymetrix microarray experiments were each conducted in
3 independent series. Differences between groups were
evaluated with t-test (proliferation assay) or Kruskal–Wallis
One-Way ANOVA followed by Dunn's multiple comparison
post hoc test (differentiation assay). A p-value less than 0.05
was considered statistically significant. Statistical analysis
of the cell culture assays was conducted with SigmaStat 3.5
software (Systat Software, Erkrath, Germany).
For analysis of the microarray data, significance was
calculated using a t-test without multiple testing corrections
(Partek), selecting all transcripts with a minimum change in
expression level of 1.5-fold together with a p-value less than
0.05.
Results
Proliferation and differentiation of murine ENS
progenitor cells
Cultivation of neonatal ENS progenitor cells under prolifer-
ation conditions resulted in three dimensional free-floating
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were composed of neural progenitor cells but also contain
non-neural cells like fibroblasts and smooth muscle cells
(Metzger et al., 2009; Bondurand et al., 2003). After 7 days
in differentiation medium, differentiated neurons and glial
cells could be visualized by immunocytochemistry for β-Tubulin
III (TUJ1) (Fig. 1C), P75 (Fig. 1D), HuC/D (Fig. 1E), and GFAP
(Fig. 1F).
To verify that differentiated cells originated from
proliferating enterospheres, expanded enterospheres were
incubated with BrdU before induction of cell differentiation.
BrdU labeling experiments confirmed that HuC/D and TUJ1Figure 1 Proliferation and differentiation of murine enterosphere
magnification of a representative enterosphere. (C–F) Immunocytochem
(E) and GFAP (F); nuclei were stained with DAPI (blue). Scale bars: (A)positive neurons that were co-labeled with BrdU derived
from in vitro proliferated neural progenitors (Fig. 2).
Detection of thyroid hormone receptors Trα and Trβ
in ENS gut tissue in vivo and in enterospheres in vitro
Thyroid hormone actions are primarily mediated by hormone
receptors that act as transcriptional regulators. Using RT-PCR,
we examined Trα and Trβ expressions in enterospheres that
had been expanded for 1 week as well as in fresh smooth
muscle preparations containing plexus myentericus. Trα and
Trβ receptor types were both expressed in vivo and in vitro ins. (A) Brightfield view of proliferating enterospheres. (B) Higher
istry on differentiated enterospheres for TUJ1 (C), p75 (D), HuC/D
= 200 μm; (B) = 50 μm; (C, D) = 200 μm; (E, F) = 100 μm.
Figure 2 Differentiated enteric neurons derived from proliferated progenitor cells. (A–C) Combined immunohistochemistry for
HuC/D (red) and BrdU (green); DAPI (blue). Enterospheres were expanded for 6 days with BrdU treatment for the last 5 days, and
then differentiated for 5 days. (D–F) Combined immunohistochemistry for TUJ1 (red) and BrdU (green); DAPI (blue). Enterospheres
were expanded for 4 days with BrdU treatment for the last 3 days, and then differentiated for 1 week. Arrows indicate double stained
cells. Scale bars: (A–C) = 25 μm; (D–F) = 50 μm.
1196 R. Mohr et al.proliferated enterospheres and in plexus myentericus tissue,
respectively (Fig. 3).
T3 reduced cell proliferation of
murine enterospheres
T3 effects on proliferation were quantified in enterospheres
that had been expanded for 9 days in vitro. T3 was added inFigure 3 Identification of thyroid hormone receptors in vivo and i
3 week old mice containing ganglion cells of the myenteric plexus a
for Trα (488 bp), Trβ (371 bp) and the housekeeping gene GapDH
negative controls. Different sizes of DNA ladders were indicated witthe last 2 days and BrdU in the last hour of culturing. The
percentage of BrdU positive cells compared to the total cell
number analyzed by DAPI was evaluated on paraffin sections
of T3 treated and untreated enterospheres (Figs. 4A–C). In 3
independent experiments we examined 150 spheres of the
T3 group and 138 spheres of the control group with cross-
sectional areas between 2125 μm2 and 8072 μm2. BrdU pro-
liferation assay revealed a T3 induced reduction of proliferationn vitro by RT-PCR. RNA was extracted from tunica muscularis of
nd from murine neonatal enterospheres. Primer pairs were used
(452 bp). RNA-samples without subsequent RT step served as
h a 1 kb Plus DNA ladder.
Figure 4 Analysis of T3 effects on proliferating enterospheres by BrdU incorporation assay. Murine enterospheres were proliferated
for 9 days, T3 (100 nM) was added for the last 48 h and BrdU for the last hour of culturing. (A–C) Paraffin sections of a single
proliferating enterosphere that was used for BrdU analysis: (A) Brightfield view, (B) immunostained with mouse anti-BrdU antibody,
(C) nuclei staining with DAPI. Scale bars (A–C) = 20 μm. (D) Quantification of the cell proliferation in T3 treated and untreated
enterospheres. The percentage of BrdU positive cells were expressed as mean ± SD compared to total cell number (DAPI positive
cells). The asterisks indicate statistically significant differences to the control group analyzed by t-test (p ≤ 0.001).
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5.5% (mean ± SD); p b 0.001) (Fig. 4D).T3 increased the length of cellular extensions
during differentiation but had no effect
on arborization
To examine if T3 has an effect on differentiating enterospheres
we analyzed growth of cellular extensions and branching under
differentiation cell culture conditions.
Enterospheres were proliferated for 7 days and subse-
quently differentiated for another 7 days under T3 treatment.
We then measured the maximum length of extensions from
single TUJ1-positive cells. In three independent experiments
we examined 935 cells incubated with 50 nM T3, 1022 cells
incubated with 100 nM T3, and 2254 cells of the control group
(Fig. 5). The treatment with T3 increased the median cell
extension length with 50 nM T3 by 16% and with 100 nM T3 by
24% during cell differentiation (control: 58 μm (range, 25–288 μm); 50 nM T3: 67 μm (range, 45–270 μm, p b 0.001,
Kruskal–Wallis One-Way ANOVA); 100 nM T3: 72 μm (range,
27–276 μm, p b 0.001, Kruskal–Wallis One-Way ANOVA)).
Next, we quantified the number of branches of primary
extensions from TUJ1 expressing cells. In contrast to the
effect on maximum cell extension length of T3 we did not
detect any effect on cellular arborization (control: median 3
(range, 1–5); T3 (50 nM): median 3 (range, 1–6, p = 0.858,
Kruskal–Wallis One-Way ANOVA); T3 (100 nM): median 3
(range, 1–5, p = 0.185, Kruskal–Wallis One-Way ANOVA)).
Affymetrix gene chip processing
Due to the cell biological effects we observed in differen-
tiating enterospheres we examined the influence of T3 on
mRNA expression levels in enterospheres at the beginning of
differentiation by microarray-based high-throughput anal-
ysis. Thus, we induced differentiation of one week expanded
enterospheres for 24 h followed by incubation with T3
(100 nM) for another 24 h.
Figure 5 T3 impact on differentiating neural progenitor cells of the enteric nervous system. Enterospheres were proliferated for
7 days, following 7 day differentiation with T3 treatment. (A, B) Histogram demonstrates the distribution of maximum length of the
far-ranging cell extensions in a sample group that was treated with 50 nM T3 (A) and a sample group treated with 100 nM T3 (B).
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Mouse Gene 1.0 ST array that determines the expression profile
of 28.853 genes.
The data discussed in this publication have been depos-
ited in NCBI's Gene Expression Omnibus and are accessible
through GEO Series accession number GSE39634 (http://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE39634).
Statistical evaluation of the microarray data resulted in
434 transcripts that were up- or downregulated more than
1.5 fold by T3. 338 of these transcripts encode for already
identified proteins of which 255 were up- and 83 were
downregulated. The Ingenuity analysis software IPA analyzed
biological interactions between these genes and based on
this data identified several functional networks they con-
tribute to (Supplementary Table 1).
By data mining with the analysis software and the science
literature search engine www.pubmed.gov we selected 67
interesting candidates of the regulated genes that are
involved in neural development, in neural cellular functions
or are expressed in high concentrations in developing neural
tissues (Tables 1, 2). 50 of these genes have not been
reported so far to be regulated by T3 (marked in Tables 1, 2).
Expression change of 29 genes was more than 2 fold, 6 even
had an expression change greater than 3 fold.
We categorized the 67 identified genes into diverse
functional groups like neural development, growth factors
and receptors, ion channels and synaptic transmission or
hormone and neurotransmitter related proteins (Table 1).
Due to our cell biological results, we specified 14 interesting
genes in a second table that encode proteins that are
involved in cellular guidance and neurite outgrowth like
tenascin R, semaphorin 3A and 3D, or endothelin 3 (Table 2).In addition, using Ingenuity software we identified sev-
eral Wnt3a regulated genes that are regulated by T3 in an
antagonistic manner (Supplementary Table 2).
Validation of microarray data was performed by quanti-
tative real-time PCR analysis of four ENS-related genes that
were upregulated by T3 (Supplementary Table 3).Discussion
In mammalians, thyroid hormones regulate the metabolic
homeostasis, the protein synthesis, and are also involved
in the development, and maintenance of the central nervous
system (Patel et al., 2011; Di Liegro, 2008). Deficiency of
iodine, a fundamental substrate for the synthesis of thy-
roid hormones, during embryogenesis and early life leads to
mental retardation and cretinism due to defects in migra-
tion, proliferation and differentiation of CNS neural progen-
itor cells (Remer et al., 2010). Influences on the peripheral
nervous system were, in contrast to the central nervous
system, only scarcely investigated. Studies are mainly based
on nerve regeneration or the examination of peripheral nerve
conduction after thyroidectomy (Lai et al., 1995; Barakat-
Walter, 1999). Several studies were also conducted to inves-
tigate thyroid hormone influence on the gut activity, but
none aimed to explore direct effects on the enteric nervous
system (Sirakov and Plateroti, 1812; Puri and Guiney, 1982).
Changes in the myoelectrical activity in the gut of hyper- and
hypothyroid patients that were detected by Electrogastrogram
(EGG) studies (Gunsar et al., 2003) support a role of thyroid
hormone in ENS function. Misregulations in the gut triggered by
altered T3 levels might therefore not only influence the gut
Table 1 T3 regulated genes selected for their function in neural development, synaptic transmission or for their expression in
developing neural tissues.
Gene Encoded protein Fold change Literature Known to be
T3 regulated
Ion channels
Kcna1 Potassium voltage-gated channel, shaker-related
subfamily,
member 1
3.86994 Fleige and Pfaffl (2006) –
Kcnj5 G protein-activated inward rectifier potassium channel 4 1.67494 Persson et al. (2007) –
Slc4a10 Solute carrier family 4, sodium bicarbonate cotransporter,
member 10
1.60479 Iizuka et al. (1997) –
Slc12a2 Solute carrier family 12 (sodium/potassium/chloride
transporters), member 2
1.61269 Bonilla et al. (2002) –
Sncg Gamma-synuclein 1.50816 Jacobs et al. (2008) –
Hormone and neurotransmitter related proteins
Adam11 Disintegrin and metalloproteinase domain-containing
protein 11
1.75515 George (2002) –
Adora2a Adenosine A2A receptor 2.00035 Rybnikova et al. (2002) –
Adra2a Alpha-2A adrenergic receptor 1.55959 Gao et al. (2007) ✔
Agtr2 Angiotensin II receptor, type 2 −1.57395 Scheibner et al. (2002) –
Chrm3 Muscarinic acetylcholine receptor M3 1.76495 Chakrabarty et al. (2008) –
Chrna7 Neuronal acetylcholine receptor subunit alpha-7 −1.97994 Harrington et al. (2010) –
Htr2b Hydroxytryptamine (serotonin) receptor 2B 2.39907 Garza et al. (2009) –
Npy Neuropeptide Y 1.98077 Fiorica-Howells et al. (2000) ✔
Oprd1 Opioid receptor, delta 1 2.56026 Hokfelt et al. (2008) ✔
Sorcs3 Sortilin-related VPS10 domain containing receptor 3 2.63863 Bueno and Fioramonti (1988) –
Thrb Thyroid hormone receptor beta 2.46133 Hermey et al. (2004) ✔
Cell adhesion proteins
Cdh12 Cadherin 12 (N-cadherin) 5.63469 Leonard et al. (1994) –
Cdh13 Cadherin 13 (T-cadherin) −2.17263 Selig et al. (1997) –
Ntm Neurotrimin −1.64763 Rivero et al. (2012) –
Cytoskeleton associated proteins
Prph Peripherin 1.91597 Krizsan-Agbas et al. (2008) –
Transcription (factors, cofactors)
Dlx5 Distal-less homeobox 5 −2.02068 Shu et al. (2010) –
Ebf2 Early B-cell factor 2 −1.74581 Corradi et al. (2003) –
Egr2 Early growth response protein −1.55788 Beckmann and Wilce (1997) ✔
Etv4 Ets variant gene 4 (E1A enhancer binding protein, E1AF) −1.55667 Livet et al. (2002) –
Hr Hairless 3.78143 Potter et al. (2001) ✔
Klf9 Kruppel-like factor 9 3.63150 Denver and Williamson (2009) ✔
Neurod4 Neurogenic differentiation 4 −1.63769 Ohsawa et al. (2005) –
Ppargc1a Peroxisome proliferator-Activated receptor gamma,
coactivator 1 alpha
1.90344 Ghoochani et al. (2012) ✔
Enzymes
Ace Angiotensin I converting enzyme (peptidyl-dipeptidase A) 1 2.72957 Scheibner et al. (2002) ✔
Camk2a Calcium/calmodulin-dependent protein kinase II alpha 1.50507 Hojjati et al. (2007) –
Dbh Dopamine beta hydroxylase 1.87457 Anlauf et al. (2003) –
Gda Guanine deaminase 1.57576 Tseng and Firestein (2011) ✔
Nell2 Protein kinase C-binding protein NELL2 1.52924 Nelson et al. (2004) –
Ppp2r2c Protein phosphatase 2, regulatory subunit B, gamma 1.73758 Strack (2002) –
Tgm2 Transglutaminase 2 (C polypeptide, protein–glutamine–
gamma–glutamyltransferase)
2.16683 Gil et al. (1998) –
Growth factors and growth factor receptors
Dner Delta/notch-like EGF repeat containing receptor 1.56037 Eiraku et al. (2002) –
Egfr EGF receptor −1.55935 Ahmed et al. (2009) ✔
(continued on next page)
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Table 1 (continued)
Gene Encoded protein Fold change Literature Known to be
T3 regulated
Igf1 Insulin-like growth factor 1 1.60032 Rabinovsky (2004) ✔
Met Met proto-oncogene (hepatocyte growth factor receptor) −1.69860 Natarajan et al. (2002) –
Synapse proteins
Sntg1 Gamma-1-Syntrophin 1.50941 Yakubchyk et al. (2005) ✔
Syn2 Synapsin II 1.79116 Ferreira et al. (1998) ✔
Syt12 Synaptotagmin XII 3.70183 Maximov et al. (2007) ✔
Syt5 Synaptotagmin V 1.52479 Craxton and Goedert (1995) –
Syt9 Synaptotagmin IX 1.75215 Xu et al. (2007) –
Others
Efhd1 EF-hand domain family, member D1 −1.70797 Dutting et al. (2011) –
Gldn Gliomedin 2.27283 Eshed et al. (2007) –
Lrrtm1 Leucine-rich repeat transmembrane neuronal protein 1 2.34792 Lauren et al. (2003) –
Nptx2 Neuronal pentraxin-2 −1.58724 Shepherd and Raper (1999) –
Nsg1 Neuron specific gene family member 1 1.55256 Rengaraj et al. (2011) –
Opalin Oligodendrocytic myelin paranodal and inner loop protein −2.48342 Yoshikawa et al. (2008) –
Pcp4l1 Purkinje cell protein 4 like 1 1.99058 Bulfone et al. (2004) –
Sez6 Seizure related gene 6 1.64391 Rauch et al. (2006) –
Thy1 Thymus cell antigen 1, theta 2.36079 Chen et al. (2011) –
Growth factors and growth factor receptors
1200 R. Mohr et al.mucosa and metabolism or interactions along the brain-gut
axis (CNS, nervus vagus) (Ebert, 2010) but also have direct
effects on the ENS.
The present study was, as a first step to test this hy-
pothesis, aimed to investigate the influence of the thyroid
hormone 3,5,3′-triiodothyronine on molecular and cellular
regulations of ENS progenitor cells in vitro.
Thus, we isolated neural progenitor cells from murine
neonatal gut similar to previously described protocols and
cultured them under proliferation and differentiation condi-
tions (Metzger et al., 2007a, 2007b). Expansion of progenitorTable 2 T3 regulated genes selected for their role in guidance o
Gene Encoded protein Fo
Proteins involved in neurite growth
Apba1 Amyloid beta A4 precursor protein-binding
family A member 1
1
Caln1 Calcium-binding protein 8 1
Ptprt Receptor-type tyrosine–protein phosphatase T 2
Rasd2 GTP-binding protein Rhes 2
Sox11 SRY-box containing gene 11 −2
Sprr1a Small proline-rich protein 1A 1
Tnn Tenascin N −1
Tnr Tenascin R 2
Guidance cues
Edn3 Endothelin 3 3
Gfra3 GDNF family receptor Alpha-3 1
Ntng1 Netrin-G1 2
Sema3a Semaphorin-3A 1
Sema3d Semaphorin-3D −1
Slit1 Slit homolog 1 protein −1cells resulted in three dimensional free-floating clusters,
so-called enterospheres. In our experiments, we primarily
used a T3 concentration of 100 nM for optimal results, a
concentration that was also used in other publications
(Freitas et al., 2010). Nearly all thyroid hormone receptors
should be saturated at this concentration. In cell culture
assays we observed effects of T3 on proliferating and on
differentiating enterospheres. 100 nM T3 diminished the
proliferation rate of enterospheres by 15%. This effect cor-
relates with the T3 influence on neural stem cells of murine
neocortex in vitro (Chen et al., 2011) and most other studiesr neurite outgrowth.
ld change Literature Known to be
T3 regulated
.63559 Ho et al. (2006) –
.90350 Wu et al. (2001) –
.33632 Denver et al. (1999) –
.79085 Spano et al. (2004) ✔
.30604 Mu et al. (2012) –
.50926 Tsui et al. (1996) –
.50234 Neidhardt et al. (2003) –
.33804 Anlar and Gunel-Ozcan (2012) –
.21551 Bondurand et al. (2006) –
.50723 Onochie et al. (2000) –
.24415 Prior et al. (2010) –
.59264 Dugan et al. (2011) –
.63008 Wong et al. (2012) –
.61701 Anderson et al. (2007) ✔
1201Molecular and cell biological effects of 3,5,3-Triiodothyronineconcerning T3 influence on neural tissues (Fernandez et al.,
2009). However, stimulating effects of T3 on cell prolifera-
tion were also described, e.g. on olfactory neural progenitor
cells in salmon (Lema and Nevitt, 2004).
While in our experiments the proliferation rate of
enterosphere cells was reduced by T3, a stimulating role of
T3 on differentiation of ENS cells in vitrowas detected. After
7 days, the average length of the longest cell extensions of
β-Tubulin III positive cells increased by 15% or 22% when
culture medium was supplemented with T3 in concentrations
of 50 nM or 100 nM, respectively. We further analyzed the
amount of primary cell extensions but did not observe any
differences between T3 treated and control groups (data
not shown). Our findings correlate with previous studies,
where T3 stimulated neurite outgrowth in other neural
tissues, e.g. in cultured murine dorsal root ganglia (Walter,
1996). Increased dendritic outgrowth after T3 stimulation
mediated by Trα receptor was also found in cerebellar
Purkinje cells in vitro (Heuer and Mason, 2003). However, in
that study an increase in branching was also observed.
Due to the interesting cell biological results we investigat-
ed the regulation of gene expression by T3 with a microarray
based high-throughput technique.We used an Affymetrix gene
chip system that is able to detect changes in mRNA expression
of 28.853 transcripts of the murine genome in three inde-
pendent experiments.
The microarray analysis identified a group of 338 regu-
lated transcripts that we narrowed down by data mining of
science literature and IPA software to a group of 67 genes,
which we further categorized for their specific functions like
ion channels, synapse proteins and growth factors.
The regulation of synapse protein expression (synapsin II,
synaptotagmin V, IX and XIII) and the enhanced expression of
several neurotransmitter-related molecules like adenosine,
adrenergic, muscarinic, serotonin, neuropeptide, and opioid
receptors (Adora2a, Adra2a, Chrm3, Chrna7, Htr2b, Npy,
Oprd1) strengthened our theory about a role of T3 in differ-
entiation of ENS progenitors.
Several transcripts that exhibited an expression change
triggered by T3 are promising candidates for being responsible
for the observed increased cell extension growth of ENS cells
in vitro. The calcium dependent cell adhesion molecule
cadherin 12 (Cdh12, N-cadherin, 5.6 fold upregulated), the
gene with the highest T3-triggered upregulation, is an integral
membrane protein that strongly induces neurite outgrowth in
retinal ganglion cells (Riehl et al., 1996) by interacting with
the receptor-type tyrosine–protein phosphatase T (PTPRT1;
+2.8 fold upregulated) (Burden-Gulley and Brady-Kalnay,
1999). N-cadherin is not essential for proper ENS development,
but its knockout inmice delays the colonization of the gut with
enteric neural crest cells and further. A combined knockout of
N-cadherin and β1-integrins resulted in severe aganglionosis,
mainly of the proximal hindgut (Broders-Bondon et al., 2012).
Upregulation of transcription factor Kruppel-like factor 9
(KLF9, BTEB, +3.6) and the corepressor hairless (Hr, +3.8)
results in increased neurite outgrowth and arborization in
developing mouse brain (Denver et al., 1999). Both genes
also play a role in the autoinduction of the Trβ1 receptor
(Bagamasbad et al., 2008; Thompson, 1996). In our experi-
ments, the Trβ receptor was 2.5 fold upregulated by T3.
Tissue transglutaminase (TGM2, +2.2) was also picked as
a possible candidate because a 10 fold increase of TGM2expression concomitant with neurite outgrowth was observed
when serumwaswithdrawn from neuroblastoma cells (Maccioni
and Seeds, 1986). Solute carrier family 12 (sodium/potassium/
chloride transporters), member 2 (SLC12A2, +1.6) plays a fun-
damental role in NGF-induced neurite outgrowth in pheochro-
mocytoma PC12D cells (Nakajima et al., 2007). Neurotrimin
(Ntm, −1.6) regulates the development of neuronal projec-
tions via attractive and repulsive mechanisms that are cell
type specific (Gil et al., 1998). The small proline-rich protein
1A (Sprr1a, +1.5) promotes axonal outgrowth in embryonic
and adult dorsal root ganglia neurons (Bonilla et al., 2002).
The hepatocyte growth factor receptor c-Met (Met, −1.7) is
needed for sensory nerve development and Met/HGF signaling
seems to enhance axonal growth (Maina et al., 1997).
However, some of our identified T3 regulated genes have
been describedwith an antagonistic regulation in other reports
about cell extension outgrowth: Neuronal pentraxin-2 (NPTX2,
NARP, −1.6), a pentraxin family member that promotes
neurite outgrowth in cortical explants, is downregulated in
differentiating T3-induced ENS progenitor cells and therefore
might have a different effect or might not be involved at all in
our observed extension outgrowths (Tsui et al., 1996).
One interesting issue was the interaction of T3 with the
expression of guidance molecules. During ENS development,
migration processes of neural crest cells are regulated by
various guidance cues that are part of several signaling
pathways, e.g. GDNF/GFRα1/Ret (Natarajan et al., 2002),
Sema3A/neuropilin-1 (Shepherd and Raper, 1999), netrins/
DCC/neogenin (Jiang et al., 2003), neurturin/GFRα2/Ret
(Rossi et al., 1999), and the slit/robo pathway (Young et al.,
2004). Attractive and repellent guidance molecules are
necessary for the establishment of the neural patterns of
the ENS. Other genes are mainly involved in proliferation and
or maturation of neural crest cells (NCCs) in the developing
gut, e.g. genes of the endothelin/endothelin receptor path-
way and transcription factors like Phox2a/b and Sox10
(Newgreen and Young, 2002). Mutations in some of these
genes were identified to trigger different kinds of gut
aganglionoses with different characteristics like in HSCR,
Waardenburg syndrome or Haddad syndrome (Amiel et al.,
2008).
Analysis of our microarray experiments exhibited some
interesting regulations of members of these pathways, e.g. a
change in endothelin 3, netrin-G1, semaphorins and slit-1
expression.
In our in vitro experiments, endothelin 3 was upregulated
3.2 fold. In embryonic mice, lack of endothelin 3 delays
the migration of neural crest cells leading to aganglionosis of
the distal bowel (Woodward et al., 2003; Baynash et al.,
1994). In humans, it is involved in Morbus Hirschsprung, the
most common developmental disease of the ENS. Mutations
in endothelin 3 are responsible for 5% of the Hirschsprung
disease cases (Newgreen and Young, 2002). 5–10% of cases
are based on mutations in its receptor endothelin receptor
beta (EDNRB). In contrast to endothelin 3, the endothelin
receptor was not regulated by T3 in our experiments.
Netrin-G1 (NTNG1; +2.2), part of the netrin/DCC/neogenin
pathway, not only is an attractive guidance molecule for
enteric neurons (Jiang et al., 2003), but also is involved in the
outgrowth of thalamocortical neurons (Lin et al., 2003). Muta-
tions in netrin-G1 are uncommon causes of the Rett syndrome,
a disease where children loose hand skills and speech and also
1202 R. Mohr et al.show distorted gut motility resulting in constipation or gastro-
intestinal reflux (Archer et al., 2006; Prior et al., 2010). Up-
and downregulations of semaphorins (Sema3a, Sema3d, +1.6
and −1.6) or slit homolog 1 protein (Slit-1, −1.6) are also
indicators for regulation of neurite and axon outgrowth (Shelly
et al., 2011; Wolman et al., 2004; Dugan et al., 2011; Wong et
al., 2012). In themouse ENS, semaphorin 3A has been shown to
regulate the entry of enteric neural precursor cells and axons
into the hindgut (Anderson et al., 2007).
It is noteworthy that guidance molecules in the gut are
expressed both in mesenchymal intestinal cells and enteric
neural cells (Metzger et al., 2007b; Ratcliffe et al., 2011;
Leibl et al., 1999). Since enterospheres consist of various
mesenchymal and neural cell types (Kruger et al., 2002) we
were able to detect the expression of different kinds of
guidance molecules in our in vitro model.
Additional to our observation concerning differentiation
and neurite outgrowth, the microarray analysis revealed
results that are interesting for our investigation on progen-
itor proliferation. The statistical analysis of IPA predicted a
possible inhibition of Wnt3a signaling since 9 of 11 genes of
our list that are known to be regulated by Wnt3a were antag-
onistically regulated by T3 compared to Wnt3a. This antago-
nistic effect indicates that Wnt3a signaling might be involved
in cell proliferation. Indeed, in preliminary unpublished ex-
periments we demonstrated a stimulative effect on prolifer-
ation of ENS progenitor cells by the Wnt canonical pathway.
Conclusion
The present study aimed to give a first insight into thyroid
hormone actions on the enteric nervous system by exploring
the influence of T3 on ENS progenitor cells in vitro. The
experiments brought about evidence that T3 is involved in
differentiation and also in proliferation processes. Interest-
ingly, some of the identified, T3 regulated genes like endo-
thelin 3 and GDNF family receptor alpha-3 play major roles in
common ENS dysganglionoses. Future studies need to be
conducted to better understand the gene to gene interac-
tions. In a next step the influence of thyroid hormones on the
enteric nervous system in vivo has to be analyzed.
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